A B S T R A C T Muscular exercise is associated with hypermetabolism and increased hypoxic ventilatory response (HVR). In order to dissociate mechanical and metabolic factors, the effect of hypermetabolism on hypoxic ventilatory response was evaluated at rest. Carbohydrate and protein feeding increases metabolic rate, and their effects on chemosensitivity, ventilation, and blood pH were evaluated in six normal subjects 2 h and 3 h after calorically equal test meals (1,000 cal).
INTRODUCTION
Muscular exercise increases metabolism and produces large increases in the ventilatory response to hypoxia (1, 2) . The nature of the stimulus which produces this increased ventilatory responsiveness to chemical stimuli remains unknown. At least two kinds of stimuli could be involved: mechanical, arising directly from the physical aspects of work, and chemical, related to increased metabolic activity. Studies in patients with low metabolic activity due to thyroid hormone deficiency (3) or due to semi-starvation (4) show marked decreases in hypoxic ventilatory response. Taken together with the findings in exercise, these studies suggest an association between metabolic activity and the sensitivity of the ventilatory control system. Accordingly, we sought to acutely increase metabolic activity in normal resting subjects to determine whether this would have a significant effect on ventilatory control. Feeding a meal causes an increase in metabolic rate (5, 6) , and this effect was utilized in this study to measure the influence of increased metabolic rate on chemosensitivity.
METHODS
Study protocol. Six normal male subjects between the ages of 28 and 40 yr of age were studied after informed consent was obtained. The subjects were fasted overnight for 12 h. The next morning after a 1-h basal period in the recumbent position, base-line oxygen consumption (Vo2),' carbon dioxide production (Vco2), resting ventilation (VE), heart rate (HR), blood pressure, hematocrit, serum electrolytes, and arterialized venous blood for pH and Pco2 were measured. Ventilatory responses to hypoxia were then meas-'Abbreviations used in this paper: BTPS, body temperature and pressure, saturated with water vapor; HR, heart rate; PAO., end-tidal oxygen tension; STPD, standard temperature and pressure, dry; Vco2, carbon dioxide production; VE, resting ventilation; VOt, oxygen consumption; VO, asymptote for ventilation derived by extrapolation.
The Journal of Clinical Investigation Volume 60 October 1977 *900 -906 900 ured in duplicate and averaged. The response to hypercapnia was measured once. The meal was then administered in a double-blind protocol through a nasogastric tube. Test meals consisted of 1,000 ml of either water, glucose solution containing 1,000 calories, or egg albumin solution again containing 1,000 calories. We only gave one meal per day, and the order of the meals was random. The application of nasal and oral lidocaine and a blindfold were effective in preventing subjects from detecting which meal had been given.
All variables were again measured at 2 and 3 h after the meal. Repeat studies were done at 1-wk intervals. To eliminate diurnal effects, all studies were performed at the same time of day.
Measurements. Metabolic rate expressed as oxygen consumption (Vo2) and carbon dioxide production (Vco2) were measured from expired air collected in a bag over a 6-min period. During the 6-min collection, mean end-tidal CO2 (PETCO2) was determined. Gas concentrations and volumes were measured by the Scholander technique and Tissot apparatus, respectively. All gas volumes were corrected to body temperature, ambient pressure, and saturated (BTPS), except for Vo2 and Vco2, which were expressed STPD.
Ventilatory responses were determined with the subject reclining in a semi-darkened room, and television was used as a visual and auditory distraction. Hypoxic ventilatory response was measured during progressive isocapnic hypoxia (7) . Briefly, the subject breathed through a Rudolph respiratory valve (Warren E. Collins, Inc., Braintree, Mass.) from which gases were continuously sampled by an infrared CO2 analyzer (Beckman LB-1, Beckman Instruments Inc., Palo Alto, Calif.) and by a fuel cell oxygen analyzer (8) . The ventilatory flow was measured with a hot film anometer (Thermal Systems, Mfg. Co., Merriam, Kan.), which was calibrated against a Tissot spirometer. Oxygen, carbon dioxide, and flow signals were fed into an online Nova computer (Data General Corp., Southboro, Mass.), the data emerging as continuous real-time oscilloscopic plots of end-tidal oxygen tension, end-tidal carbon dioxide tension, and minute ventilation. The endtidal oxygen plot was used to guide the manual addition of nitrogen to the inspired gas (30% 02 remainder N2) so as to produce a gradual fall in end-tidal oxygen tension (PAO,) from 130 to 40 mm Hg over a 7-to 8-min period. Output from a carbon dioxide analyzer was also displayed on an oscilloscope and used to guide the manual addition of 100% carbon dioxide to the inspired gas in amounts sufficient to prevent hypocapnia. End-tidal carbon dioxide tension was controlled within 1 mm Hg with this technique (7) and was maintained at the PACO, determined during the 6-min collection. (9) . The parameter A describes the hypoxic ventilatory response curve such that the ventilation at any given PAo0 during a study is within 4% of the measured ventilation (7) .
A second method was used to evaluate hypoxic ventilatory response. It quantifies the increase in VE from room air breathing to the VE at PA0, = 40 mm Hg (AV40).
The hypercapnic ventilatory response was measured using a rebreathing method similar to that described by Read (10) Hypoxic ventilatory response, measured as the shape parameter A, increased consistently and significantly after the carbohydrate meal from a control value of 144+11.8 to a 2-h value of 330±+16.0 (P < 0.01) and 286±56.9 (P < 0.05) at 3 h (Fig. 2) . After protein, hypoxic response was again increased in all subjects from a control value of 105±14.5 to 198±24.3 (P < 0.025) at 2 h and 219±17.3 at 3 h (P < 0.01). The increase in hypoxic response after carbohydrate was not significantly different than after protein. The intercept V0 was not significantly altered by any of the meals. The increases in hypoxic ventilatory responses after carbohydrate and protein were also significant (P < 0.05) when compared with changes which occurred after the placebo meal. There was no significant difference between the control hypoxic responses measured before each meal. These increases in hypoxic ventilatory response were also evident when the increment of ventilation from room air breathing to a PAO, = 40 mm Hg (AVO0) was quantified. With placebo, the control AV. of 14.8±1.63 liters/min was not significantly different from the 2-h value of 16 The relationship between increased Vo2 and hypoxic ventilatory response is shown in Fig. 3 V02 ml/min/m2 FIGURE 3 The relationship between changes in metabolic rate (Vo2) and hypoxic ventilatory response (HVR) after carbohydrate and protein meals. After carbohydrate, increases in Vo2 were always associated with increases in HVR (P < 0.02). After protein, a similar relationship was found in five of six subjects (P < 0.03). (20) has shown recently that raising body temperature raises metabolic rate and hypercapnic ventilatory response. Similarly, Engel and Ritchie (21) studied hypermetabolic patients with thyrotoxicosis and also found an increase in hypercapnic ventilatory responses. Neither of these studies examined the effects of increased metabolism on hypoxic ventilatory response. Edelman et al. (22) have reported that hypoxic ventilatory response was increased in a patient with an elevated metabolic rate at rest due to the Luft's syndrome ("loose coupling" of oxidation to phosphorylation). In that patient, no increase in hypercapnic ventilatory response was found. This augmentation of hypoxic but not hypercapnic response resembles the pattern found in the present study after the feeding of carbohydrate. Previous studies have reported that exercise was associated with increases in hypoxic ventilatory responses (1, 2). It was not clear from those studies, however, whether the augmentation in chemosensitivity was due to the mechanical or metabolic consequences of exercise.
The finding that ventilation and hypoxic ventilatory response are augmented with increased metabolism may contribute to the understanding of the hyperpnea and increased chemosensitivity of exercise. However, the effects of limb motion on carotid body sensitivity to hypoxia may also be important; Biscoe and Purves (23) showed that this enhanced both carotid body neural output and minute ventilation, an effect abolished by cutting nerves from the extremity.
The present study does not define the mechanism whereby hypoxic ventilatory response is increased during hypermetabolism. Carotid body sensitivity to hypoxia might be increased during hypermetabolism by activation of peripheral "metabolic sensors" described by Ramsay (24) . Another possible explanation for increased ventilation and hypoxic response is the decrease in arterial pH after a carbohydrate meal found by us and others (6) . Both of these effects are known to accompany acidosis (25) . However, metabolic acidosis does not seem to be a requirement for the postprandial augmentation of resting ventilation and chemosensitivity, since both were significantly increased after the protein meal when pH was unchanged. Wasserman et al. (26) have shown that ventilation immediately increases when bulk carbon dioxide delivery to the lung is enhanced either by increasing cardiac output or by venous carbon dioxide loading. A similar effect may occur after a meal when carbon dioxide production is elevated. The effects of increased carbon dioxide delivery to the lung on chemosensitivity is not known.
Elevation of body temperature is associated with increased ventilation and ventilatory responses to hypercapnia (20) and hypoxia (27) . The rise in temperature which occurred after the carbohydrate meal might cause the increased minute ventilation and chemosensitivity. However, this temperature rise was inconsistent, whereas the ventilatory variables increased in all subjects. Furthermore, no such temperature change occurred after protein, although chemosensitivity and ventilation increased. It therefore seems unlikely that changes in body temperature cause the postprandial augmentation of these variables.
Carbohydrate was associated with hypermetabolism and metabolic acidosis, although no increase in the ventilatory response to carbon dioxide was found. This is suiprising since both increased metabolism and metabolic acidosis (28) have been associated with augmentation of the hypercapnic response. However, exceptions have been reported. As mentioned previously, the hypermetabolic state found in Luft's syndrome was associated with increased hypoxic but not hypercapnic ventilatory response (22) . Also, during renal failure where metabolic acidosis is present, no increase in hypercapnic response is found (29, 30) . Hamilton et al. (31) demonstrated an increase in the hypercapnic response after dialysis which lowered plasma urea, but no change when urea was held at constant concentration. They speculated that osmotic disequilibrium may increase the hypercapnic response. It is possible that a large glucose meal may have a similar effect.
Although the mechanism by which chemosensitivity is increased in the postprandial state is not clear, certain potentially useful points are raised by this study: First, the time at which ventilatory control is being measured should be standardized in relation to meals. Second, the increase in sensitivity of the ventilatory control system during a period of increased metabolism may represent an important physiologic response whereby increased demands of oxygen consumption and carbon dioxide excretion are met by increased sensitivity of the chemoreceptor system. This adjustment would protect against alteration in arterial blood gas tensions during increased metabolic activity. Effects of Increased Metabolic Rate on Ventilatory Responses 905
